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tosis in U87-derived GSLCs. In this study, we demonstrated
that VHL downregulated the tumorigenicity and seli-renewal
of U87- dcnvcd GSLCs by inhibiting the J'AK/STAT signaling
pathway and upreaulated the expression of PTEN, which acted
coordinately with VHL. ‘We also analy yzed the role of STAT3
in GSLCs and the posabxhtv of therapy using VHL.

Materlals and methods

Isolation 0_/ CD133* U87-derived GSLCs. The human
clioblastoma cell line US’/MG was purchased from ATCC.

USTMG is derived from a human ghoblastoma and is widely
used in biological studies on. 011omas particularly those
examining the pathway mvolvcd in crhoma proliferation. We
initially cultured naive US?M, cells in Dulbcccos modified
Eagle's médmm (DMEM) contammg 10% feta] calf serum
(FCS) (Fig. 1A) which" was, according to.2 previous study (4),

subsequently changed to non-serum DMEM/F 12 containing
B27 supplement (Glbco- nvitrogen, Grand Island, NY,

USA), basic FGF (PeDroTech EC Lid. Rocky Hill, NJ, USA)
and EGF (Upstate Biotechnology, Lake Placid, NY, USA).

CD1337 cells were then selected by using an autoMACS™

Pro Separator (Mﬂtenyx Biotec, Bcrcnsch Gladbach, Germany)
and neurosphere-formmﬂ cells were cultured in the same
medium (Fig. 1B); Serial | passace of the cells was penormed'
by a mechanical dissociation method and passaged cells,
i.e., GSLCs, were used for subsequent éﬁtperiments'.

C}zaraczen'auon of U87—derxved GSLCs Characterization of
U87 GSLCs was carried out by mmunocytochemsny using the
following zntibodies: anti-CD133 (Santa Cruz Biotechnology,
San Diego, CA, USA), anti-STAT3 (Cell Swnalmo Technology,
Danvers MA, USA), anti- JAK?2 (Santa Cruz Biotechnology),
anti-VHL (Santa Cruz ontechnolo y} anti-Elongin A (Abgent,
San Diego, CA, USA), anti-PTEN (Santa Cruz Biotechnology),
anti-NeuroD (Santa Cruz ontechnology) anti-MAP2 (Sigma-
Aldrich, St. Louis, MO, USA) and anti-GFAP antibodies (Dako,
Glostrup, Denmark), as described below. In addition, cell prolif-
eration, tumorigenicity in the subcutaneous tissue of SCID mice
(Charles River, Yokohama, Japan) as well as soft agar colony
and neurosphere formation were examined as described below.

Influence of VHL on U87-derived GSLCs. We hypothesized
that STAT3 was inhibited by VHL, since most BC-box family
proteins, including VHL, have the ability to inhibit the
JAK/STAT pathway. STAT: plays a role in stem cell mainte-
nance. Therefore, we mvestxcated whether VHL was able to
dowm:evulate STAT3 in GSLCs. Initially, we constructed a
VHL-expressna adcnovmls vcctor asprenously described (15).

VHL-expressing adenovzrus vecior. The VHL-expressing
adenovirus vector was prepared as previously described (15).
Adeuovxrus vector encoding human VHL (VHL54-213 amino
acids) was generated by the use of the cosmid vector pAXCAwt.
As a control vector, the vector for green fluorescent protein
(GFP), generated by the use of pAXCAwt, was obtained from
the Riken Gene Bank (Saitama, Japan). For adenovirus infec--
non U87 GSCs were seeded into 6-cm dishes. (1x10% cellsicm?)
1 day prior to infection. The cells were then incubated for. 1 h
thh 5 plofthe \n.ms solution dﬂuted 1o 1x107 plaque-forming
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Figure 1. Morphoioc} of cells. (A) Naive USTMG cells. (B) US?MG»ac—lved
glioma stem-like cells forming neurospheres.

units per milliliter in"DMEM/F12 medium containing
5% FCS at a multiplicity of infection of 10, which is a condi-
tion sufficient for nearly 100% cell infection. VHL- -expressing
adenovirus vector was transferred to U87 GSLCs following
dissociation of the neurospheres into single cells. Two days.
following the transfection in dishes, some of the cultured cellz
were transferred onto a cover glass and subsequently fixed for
immunocytochemical study while the remaining were uscd o
extract protein for western blot analy sis. :

Fluorescence-immunocytochemical study using confocal laser
microscopy. Naive USTMG cells attached to round cover slips
were fixed for 24 h with 10% formalin naturally deodorized
buffer solution. After irrigating twice with phosphate-bufferec
saline (PBS), the fixed cells were blocked with 5% normal
donkey serum for 30 min. Subsequently, primary anuboches
(anti-NeuroD, anu—MAPZ, ant-STAT?3, ang-VHL, anm—PTEN
anti-JAK? and anti-GFAP) were diluted with PBS (1: 900} and
incubated with the cells for 1 h at room temperature, Following
irrigation 3 times with PBS, the cells were incubated in the dark
for 45 min at room temperature with FITC- hnked anti-mouse
IeG antibody (Sigma-Aldrich) or TRIC-linked antJ«rabbn I1gG
antibody (Swma~Aldnch) as secondary antibodies. Followmo
a further 3 irrigations with PBS, the cells were incubated
for 5 min with DAPI (Molecular Probes, Eugene, OR, USA}
diluted 1:3,000 with PBS. Finally, the cover glasses bearing
the cells were placed on glass slides following application of
ProLong Gold Antifade Reagent (Life Technologies, Grand
Island, NY, USA) to the slides. The cells were then observed
under an FV300 confocal microscope (lempus Tokya). Cell
nuclei appeared as red fluorescence and primary anubody~
reactive antigens as green ﬁuorescence

Western blot analysis. Protein was extracted from the cells with
RIPA buffer (Thermo Scientific, Rockford, IL, USA 005 M
Tris-HCL. pH 7.4, containing 0.15 M NaCl, 0.25% deoxychohc'
acid, 1% NP- 40 0.1% SDS, 1 mM EDTA, 1 mM PMSF,
1 mM sodinm orthovanadate, 1 mM sodium fluoride, 1 ug/ml
leupeptin and 1 peg/ml aprotinin). Extracted protems were elec-

trophoresed on 8-15% SDS-PAGE gels and then t_r‘apsferred
to polyvinylidene difuoride (PVDF) membranes by using an

iBlot™ Gel Transfer Device (foe Technolocqes) for 7 min. Thﬁ

blots were probed with primary and secondary antibodies by
using a SNAP id Protein Detection system (Merck Mﬂlzpora
Darmstadt, Germany). Immunoreactive bands were visualized
by chemiluminescence with ECL Western Blomnt7 Detecuor
Reagents (GE Healthcare, Japan) Imaces were analyzed with
LAS-1000 (Pujifilm, Tokyo,J apan) and thc densxty of thc ba.nes
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was determined by usmc Image Gauge software (Fujifilm).
The Iollowmc primary annbodxcs were used: anti-CD133
(Biorbyt, Cambndoc UK), ann—STATJ anti-JAK?2, anti-VHL
and anu—PTEN Horseradish’ peromdase (HRP)-hnked anti-
rabbit IeG and HRP'lmked antl~mouse IsG were used as the
secondary c.ntlbOdICS

Neurosphere for:rzation assay. The neurosphere formation
assay was performed as follows (16): neurospbere-forming
U87 GSLCs were dissociated into single cells by continuous
plpemncrfor 10 min. Following confirmation of their single-cell
status and dilution up to 5 cells/ml, 200 #l of the cell solution
was placed into each well of a 96-well plate (mean, one cell
per well). Subsequently, neurospheres 250 yrm in diameterin a
single plate were counted under a phase-contrast microscope
1 week followme placement of the cells.

Soft agar coiony Jformation assay. ThlS ‘assay was performed
as previously described (17). Briefly, following dissociation
of the U7 GSLC neurospheres, a single-cell suspension
(1.000 cells/ml) in 0.5 ml of 0.3% agar in 2 medium consisting
of 10% FCS in DMEM/F12 was overlaid onto 0.5 ml of
0.6% agar medium in the wells of 24-well plates. Following
3 weeks of cultivation in-a 5% CO, incubator, each well

was examined under a stereoscopic microscope for colonies

consisting of >40 cells.

Cell-proliferation assay. Cell proliferation was examined
-as previously described (18) After Ug7 GSLCs had been
dissociated into single cells by 10-mm continuous plpetuno
using a long thin pipette, the cells were transfected with
the VHL-expressing adcnovuus vector or GFP:expressing
adenovirus vector as a control. They were then cultured in
the U87 GSLC maintenance medium. Starting 1 day after the
cultures had bccn prepared, the number of cells was counted
as follows: control vcctor-transfected and VHL-expressing
vector-transfected U87 GSLCS were washed once with PBS,
then dxssocmted into smgie cells by 10-min continuous pipet-
ting vsing a long thin pipette. The number of viable cells was
- counted following staining thh trypan blue.

'Imp[azztatmn into SCID mice. Subculaneous implanta- -

tion of control- or VHL-transfectant U87 GSLCs (1x10*
U§7 GSLCs) into 4 SCID Hairless Outbred (SHO-Prkdc Hr)
mice (Charles River) for each vector was performed. The
‘rmce were housed in a clean, temperature ~controlled room

ona 12-h day/mvht cycle w1th free access to food and water..

’ One month following xmplantatxon the mice were examined
for subcutanecusly'formed tumors. Formed tamors were
’ lnstologxcally examined with hematoxylin-eosin staining and
meunohxstochemxcally with anti-CDI133, anti-GFAP and
anti-STAT3 antibodies. The animal cxpcnmental procedure
was appraved by the Institutional Animal Use Committee of
Yokohama City University and was in accordance with the
National Institutes of Health Guidelines for the care and use of
‘Iaboratory ammals

‘V;Szausfzcal analysis. Data were analyzed by ANOVA (SPSS I;
- SPSS, IBM, ‘Tekyo, Japan) and a P-value of <0.05 was consid-
eled to mchca{e a statistically sxvmﬁcawt d;ffereuce :
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Figure 2. Fluorescence-immunocytochemical studies on US7MG naive
cells, UB7 glioma stem-like cells (GSLCs) and VHL-transfectant U87
GSLCs. Immunoreactivity toward primary antibodies is shown in green and
DAPl-stained nuclei appears as ‘ted Auorescence.

Results

Immunocytochemical study on naive US7MG cells. Naive cells
of the US7MG cell line were cultured as substrate-attached cells
in DMEM containing 10% FCS and the cells were passaged
every 4-5 days. The cells displayed 2 or 3 cellular processes
and were Elongin A positive, rarely CD133 positive, VHL nega-
tive and MAP2 negative. Also, the majority of the cells were
STAT3 positive, partially JAK1 positive and PTEN negative.

UB7MG-derived GSLCs To obtain GSLCs from the USTMG
cell line, we changed the medium to non-serum DMEM
containing basic FGF, EGF and B27 supplement One month
later, the cultured cells tended to float. By using the MACS
method with anti-CD133 antibody, we collected CD133-
positive fractioned cells, according to the manufacturer's
instructions, and then cultured them in the above medium
for 2-3 weeks. The cultured cells formed numerous floating
neurospheres. The neurospheres were dissociated and some
of the single cells were stained by fluorescence immunocy-
tochemistry for characterization, whereas the remaining were
used for soft agar colony and neurosphere formation, as well s
for cell proliferation assays. In addition, protein was extracted
from neurospheres for westam blot analysxs
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rwurc 3.(A) Immunoreactivity rates for control-vector and VHL-vector glioma stem-like cell (GSLC) transfectants are shown. Expressions of CD133, STATS,
JAK2 and Elongin A were significantly inhibited, whereas those of VHL and PTEN were significantly increased in VHL-transfectant GSLCs compared to
the control cells. Expressions of GFAP, NeuroD and MAP2 were not significantly altered. "P<0.05, "P<0.01. (E) Western blot analysis of control-vector and
VHL-vector GSL.C transfectants. Control-vector GSLC transfectants expressed CD133, STAT3 and JAK?2, whereas VHL-vector GSLC transfectants expressed
VHL and PTEN, but exhibited inhibited expression of CD133, STAT3 and PTEN. B-actin expression was equal in both cells.

Fluorescence-inmunocyrochemical study on U87 GSLCs.
Results of the immunocytochemical analysis of U87 GSLCs
are depicted in Figs. 2 and 3A. The percentage of CD133-
positive cells as well as STAT3- and JAK2-positive cells was

higher in the control-vector than in the VHL-vector transfec-

tants. The majority of the naive U87 cells were Elongin A ,

positive, as were the US? GCLSs. U87 GSLCs were also VHL
and PTEN negative, similar to U87 naive cells. Approximately
balf of those cells were NeuroD posmve of which some were
GFAP posmve

Western blot analysis. The results of westcm blot analysis
(Fig. 3B) supported the 1mmunocytochemxcal data. Ug7
GSLCs expressed CD133, STAT3 and JAK?2, but not VHL

or PTEN. Expression of CD133 STAT3 and JAKI was not |
detected following VHL aene transfer contrarv to VHL and

PTEN expression, which was detected Following VHL gene
transfer to U7 GSLCs, the pcrcentace of VHL and PTEN
positive cells was increased, whereas that of CD133, STAT3
and JAX2 positive cells was decreased,

Soft agar colony forma:zan, ‘neurosphere formation and cell
proliferation. The results of the colony»formanon assay in
soft agar medmm demonstrated swmﬁca.ndy greater colony
formation in the control vector-transfected compared 1o the
VHIL -expressing vector-transfected U87 GSLCs (P<0.001)
(wa 4A). Neurosphere formation, which is a reflection of
the self-renewal ability, was alsc swmncantly greater in the
former than in the latter (P<0 001 (P:cr 4RB). Proliferation of
control vector—transfected U87 GSLCs was significantly more
pronounced compared to the VHL gene-transfected GSLCs

i days fonowmo transfection (P<0.01) (Fig. 4C), although the .

: d;ﬁcrf*nce betwecn them was smaller than in the case of the
sort agar colony or nenrasphere formation assay:
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Implantarion of U87 GSLCs into SCID mice. Although
subcutaneous transplantation of U87 GSLCs into SCID mice
always resulted in tumor formation, transplantation of VHL
gene-transfected US7 GSLCs resulted in markedly reduced of
no tumor formation. The tumors arising from the U87 GSLCs
transplanted into the SCID mice exhibited the patholo‘aical
features of glioblastoma and most of the cells in the tumor
tissue were CD133- and STATJ positive but showed no
immunoreactivity indicative of GFAP (Fig. 5).

Discussion

Glioma cancer stem cells are defined by their self-renewal
ability, CD133-positivity, and transplantation ability in SCID
mice (3). US7 GSLCs constructed by us exhibited these prop-
erties and may thus be considered a subpepulauon of naive
U7 cells. US7 GSL.Cs may be cultured in non-serum medmr,n
containing growth factors such as basic FGF and EGF. Glioma
cancer stem cells are also known as glioma-initiating cells.
GSLCs possess various mechanisms related to treatment tole:
ability, epigenetics and PTEN/PIJK/ALL swrnahx:n7 (19); and
they reside in a hypoxic niche (14). Our results suggest that ug7
GSLCs had a high capacity for colony and neurosphere £ forma.—
tion. VHL inhibited STAT3, JAK2 and E{onwm A.In addmon,
VHL upregulated PTEN expression. However, GFAP, 1 NeuroD
and MAP?2 levels were not significantly affected by the VHL
gene transfer. These results suggest that VHL affected the
JAR/STAT pathway as well as the PTEN/PI:K/AL pathway;
they also suggest that upregulation of PTEN by VHL gene
transfer may affect the PI3K/Akt pathway, since PTEN isa
PISK/Akt pathway inhibitor (19). STAT3 has been reported
to play an important role in the seh‘-rencwal abﬁny “of ¢an c”r’
stem cells.-VHL inhibited the lmplantauon ability, as well 2
soft agar colony and ncurosphere formation, all of wlnch
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Figure 4. (A) Results on soft agar colony formation by control-vector and VHL-vector GSLC transfectants. Colony formation by the VEL transfectants was
significantly inhibited. (B) Results for ncurosphere formation. After one week, soft agar colony formation of VHL gene-transfected GSLCs was significantly
inhibited. (C) Results of cell-proliferation assay, After 7 days, contro] gene-transfected GSLCs showed significandy greater proliferation than the VHL gene-

transfected GSLCs (P<0. 01) “P<0.01, "P<0.001.

Figure 5.(A) Subcutancously implanted GSLCs in the SCID mouse (ted arrow). (B) Hemamxyhn-eosm staining of subcutaneously implanted GSCs. Histologically,
the appearance was similar to human glicblastomas. (C) Immunostaining by the Avidin-Biotin Complex (ABC) method for the detéetion of STAT3. Cymplasm of
most cells shows smmunorcscnvxty toward anti-STAT3 a.xmbody. Counter-staining with hematoxylin. (D} Immunostaining by the ABC method for cxamm:mon
of GFAP expression. Only few cells are immunoreactive with anti-GFAP antibody. Counter-staining with hematoxylin. (BE) Fluorescence immunostaining for
detection of CD133 expression. The majority of the cells are immunopositive for CD133 (green). Niclei are stained with DAPT (light blue). '

key characteristics of cancer stem cells. Qur results suggest
that these characteristics may be related to the JAK/STAT or
PTEN/PISK/Akt pathways in GSLCs. VHL inhibits HIF-1a
under normomc, but not undcr Hypoxic, conditions by acting
,throuvh the ublqumn/proteasomc system (20). Although VHL
. gene mutancns are not frequently found in glioma$ (21), func-

- 'non of the VHL gene is mamtamed under nox:momc but not

bypoxic; conditions (20). In addition, overexpression of VHL
inhibits tumorigenesis and reduces the proliferation of glioma
cells @ 2). The core. of glioblastomas is reported to be in the
hypomc state and glioblastomas are characterized by their
necrotic regions due to poor vascularization, which Ieads to
inadequate blood supply and, consequently, to hypoxic and
necrotic areas (23). It is suggested that GSLCs are mamtamed
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in vivo in a niche characterized by reduced oxygen tension,
ie., in a hypoxic niche (13). U87-derived GCLSs exhibited
negative expression of the VHL protein and, thus, the use of
U87 GCLSs may be considered adequate for characterization
of GCLSs. Overexpression of VHL upregulated PTEN and
downregulated the JAK/STAT pathway, although it did not
significantly affect the expression of neuronal differentiation
markers such as NeuroD, GFAP and MAP2. In addition,
overexpression of VHL significantly downregulated the
proliferation of U87 GSLCs. However, the overexpression of
VHL inhibited cell proliferation of U87 GSLCs to a lesser
extent than it did soft agar colony and neurosphere forma-
tion, or implantation capacity into SCID mice. These results
suggest that VHL inhibited the tumorigenicity and self-
renewal ability via the JARK/STAT pathway and also affected
the PTEN/PI3K/Akt pathway, both of which are critical in
GSLCs, but it did not affect the differentiation of the GSLCs.

In conclusion, VHL overexpression downregulated the
tnmorigenicity and self-renewal ability in U87 GCLSs via
the JAK/STAT pathway and upregulated PTEN, VHL over-
expression therapy may be promising for the regulation of
GSLCs under hypozic conditions.
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ARTICLE INFO ABSTRACT

Hypoxia inducible factor is a dominant regulator of adaptive cellular responses to hypoxia and controls
the expression of a large number of genes regulating angiogenesis as well as metabolism, cell survival,
apoptosis, and other cellular functions in an oxygen level-dependent manner. When a neoplasm is able
to induce angiogenesis, tumor progression occurs more rapidly because of the nutrients provided by the
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Keywords: neovasculature. Meningioma is one of the most hypervascular brain tumors, making anti-angiogenic
Hypoxia-inducible factor-304 therapy an attractive novel therapy for these tumors. HIF-3ot has been conventionally regarded as a dom-
i:i;g;::z; inant-negative regulator of HIF-1¢, and although alternative HIF-3o splicing variants are extensively
Metabolism reported, their specific functions have not yet been determined. In this study, we found that the tran-

scription of HIF-304 was silenced by the promoter DNA methylation in meningiomas, and inducible
HIF-394 impaired angiogenesis, proliferation, and metabolism/oxidation in hypervascular meningiomas.

Thus, HIF-304 could be a potential molecular target in meningiomas.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Brain tumors are classified into grades I-IV by the World Health
Organization (WHO) according to histological features, with grade
I being the most benign and grade IV being the most severe.
Meningiomas are frequent neoplasms accounting for approxi-
mately 25% of all intracranial tumors [11]. They are mainly charac-
terized by a benign histology and an indolent clinical course, and
most are pathologically diagnosed as WHO grade I and curable
by surgical resection. However, grade II or Ill meningiomas are
occasionally encountered. Even more troublesome, some popula-
tions of meningiomas with benign pathological findings (WHO
grade ) pursue a malignant course [12-14]. Our group has previ-
ously reported the use of whole genome methylation analysis to
predict which tumors will undergo this malignant clinical course,
and we were able to predict the outcome in meningioma patients
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on the basis of the methylation status of 5 hub genes, including
HIF-3a [15].

When a neoplasm is able to induce angiogenesis, tumor
progression occurs more rapidly because of the nutrients provided
by the neovasculature [1-3]. Meningioma is one of the most
hypervascular tumors, making anti-angiogenic therapy an
attractive novel therapy for these tumors [16]. This therapy targets
angiogenetic factors, including vascular endothelial growth factor
(VEGF) and platelet-derived growth factor, both of which are
regulated by hypoxia inducible factor (HIF) [4,17,18].

HIF is a dominant regulator of adaptive cellular responses to hy-
poxia and controls the expression of a large number of genes reg-
ulating angiogenesis as well as metabolism, cell survival, apoptosis,
and other cellular functions in an oxygen level-dependent manner.
HIF forms a dimer consisting of an unstable o subunit (HIF-o) and a
stable B subunit (HIF-B). This dimer binds to specific sequences
termed hypoxia response elements (HRE) in the promoter region
of HIF target genes such as VEGF. There are 3 principal isoforms
of the HIF-o subunit (HIF-1¢, 20, 3at). HIF-1a and HIF-2a share a
similar domain architecture and undergo similar proteolytic
regulation [4-6,10,17,19,20]. HIF-3a, on the other hand, has been
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conventionally regarded as a dominant-negative regulator of HIF-
1a [4-10], and although alternative HIF-3a splicing variants are
extensively reported, their specific functions have not yet been
determined [5,7,8,10,21]. HIF-304, one of the HIF-3a splicing vari-
ants, is similar to mouse inhibitory Per/Arnt/Sim domain protein
(IPAS). IPAS expression in hepatoma cells selectively impairs tumor
vascular density, and inhibition of IPAS expression induces vascu-
lar growth in the cornea of mice [9].

In this study, we constructed a meningioma cell line stably
expressing HIF-304 in order to elucidate the function of HIF-304
in hypervascular malignant meningioma. We addressed multiple
novel functions of HIF-304 in hypervascular meningiomas; angio-
genesis, proliferation, and metabolism/oxidation. HIF-304 could be
a potential molecular target in meningiomas.

2. Materials and methods
2.1. Cell lines

The human meningioma cell lines [IOMM-Lee and HKBMM were
kindly provided by Drs. Anita Lai (University of California at San
Francisco, CA) and Shinichi Miyatake (Osaka Medical University,
Osaka, Japan), respectively. All cell lines were maintained in Dul-
becco’s modified Eagle medium (DMEM) containing 10% fetal bo-
vine serum (FBS) and 1% penicillin/streptomycin. Cell lines were
grown at 37 °C in a humidified atmosphere of 5% CO, under norm-
oxic (20% 0,) or hypoxic (1% O,) conditions.

2.2. Genetically engineered meningioma cells

Using the following protocol, we designed IOMM-Lee or HKBMM
meningioma cell lines stably expressing green fluorescence protein
(GFP) or GFP-tagged HIF-304, designated I0-GFP, 10-HIF304, HK-
GFP, and HK-HIF394, respectively. pQCXIP-HIF304-GFP plasmid
was prepared by the following protocol: HIF-30. transcript variant
3, isoform c complete cDNA (accession No. BC080551) was obtained
from GeneCopoeia (Rockville, MD). This cDNA was amplified using
the forward primer 5-CTAGATGAATTCATGGCGCTGGGGCTG-
CAGCG-3, including an EcoRI site and the reverse primer 5-CTA-
GATCGCGGCCGCTCAGCTCAGCAAGGTGTGGATGC-3/, including a
Notl site. Oligonucleotides were obtained from Greiner Japan (To-
kyo, Japan). After amplification, the products were purified by a
QIAquick® Spin kit (QIAGEN, Hilden, Germany) and sequenced on
an automated DNA sequencer (ABI PRISM 310, Applied Biosystems,
Foster City, CA). Then, the products were digested by EcoRI and Notl
(Takara Bio, Otsu, Japan), and the DNA was inserted to pQCXIP ret-
rovirus vector (Clontech, Mountain View, CA) that had previously
been altered to contain the GFP gene by using the DNA Ligation
kit (Takara Bio, Otsu, Japan). These plasmids were co-transfected
with pVSV-G (Clontech) into the retroviral packaging cell line
293T using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA)
to produce retrovirus. At 24 h post-transfection with pQCXIP-
HIF3a4-GFP and pVSV-G, the medium was changed to DMEM. After
another 24 h, the supernatant containing viral particles was col-
lected and filtered through a 0.45-pm-pore PVDF membrane filter
(Millex®-HV Syringe Driven Filter Unit; Millipore, Bradford, MA).
[OMM-Lee or HKBMM meningioma cells were incubated for 48 h
with the viral supernatant plus 4 pg/mL polybrene infection/trans-
fection reagent (Millipore). Cells were then treated with 10 pg/mL
puromycin (Sigma-Aldrich, St. Louis, MO) for 1 week to select the
cells stably expressing HIF-3o4 and GFP.

2.3. Demethylation treatment

Cells (1 x 10° cells) were seeded in 6-well plate and incubated
for 24 h, then treated with 5-aza-2’-deoxycytidine at the final
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concentration of 0, 1 or 5 pM. After the first administration, the
same dose agent was added four times in total every 12 h. At
12 h after the fourth administration, medium was changed, and
cells then were collected and RNA was extracted.

2.4. RNA extraction, reverse transcriptase PCR, and quantitative real-
time PCR

RNA was extracted from IOMM-Lee or HKBMM cell line using
Trizol® (Invitrogen, Carlsbad, CA). The following gene-specific oli-
gonucleotide primers were obtained from Greiner Japan: HIF-1o
forward 5-GAGCTTGCTCATCAGTTGCC-3' and reverse 5-CTGTA
CTGTCCTGTGGTGAC-3/, and HIF-304 forward 5'-CCCAGAGCTCA-
GAGGACGAG-3' and reverse 5-CCCAACACACCAGGCTGAGA-3'.
First-strand ¢cDNA was synthesized by Transcriptor First Strand
cDNA synthesis kit (Roche, Indianapolis, IN) according to the man-
ufacturer’s instructions. The resulting products were analyzed on a
2% agarose gel stained with ethidium bromide. Quantitative real-
time PCR (qPCR) was performed using the LightCycler 480 system
(Roche Applied Science, Mannheim, Germany) and the Light Cycler
480 SYBR Green [ Master (Roche).

2.5. Antibodies

Anti~HIF-1a antibody and anti-HIF-3a antibody were obtained
from Novus Biologicals (Littleton, CO). Anti-GFP antibody was from
MBL (Nagoya, Japan). Anti-B-actin antibody was from Sigma-
Aldrich.

2.6. Protein extracts and western blot analysis

Meningioma cell lysates were prepared by lysing cells in 200 pL
of 2x lysis buffer (20% [v/v] glycerol, 13.5% [v/v] 1 M Tris-HCl, 40%
[v/vl 10% SDS, 4.0 ng bromophenol blue, 10% [v/v] mercap-
toethanol, 16.5% [v[v] water). Lysates (10 pL) were loaded into
10% Mini-PROTEAN TGX Gels (BIO-RAD, Hercules, CA). Separated
proteins were electrotransferred onto PVDF membranes (Hy-
bond-P, GE Healthcare, Buckinghamshire, United Kingdom); then,
western blots were performed using the antibodies listed above.
Bands were detected using ECL Western Blotting Detection Re-
agents (GE Healthcare).

2.7. Protein interaction assay

Meningioma cells were seeded in 10-cm cell culture dishes and
lysed in TNE buffer (150 mM NaCl, 35 mM Tris-HCl, 1% NP-40,
1 mM EDTA, 10 pg/mL aprotinin) at 4 °C. The lysates were immu-
noprecipitated with the anti-GFP antibody bound to Pierce® Pro-
tein G Agarose (Thermo Scientific, Rockford, IL) according to the
manufacturer’s instructions. The immunoprecipitated samples
were analyzed by western blotting as described above.

2.8. Wound scratch assay

Meningioma cells were seeded in 10-cm tissue culture dishes at
a concentration of 30 x 10 cells/mL and cultured under normoxia
or hypoxia. Linear wounds were generated in the monolayer with
the tips of a sterile 200-pL plastic pipette. Cellular debris was re-
moved by washing with phosphate buffered saline (PBS). PBS
was removed, and DMEM supplemented with 2% [v/v] FBS and
1% [v/v] penicillin~-streptomycin was added to the culture dishes.
Every 6 h, wounds were photographed at 20 scratched points per
dish and each wound area was estimated using Image ] software
(Rasband, W.S., Image ], National Institutes of Health, Bethesda,
MD, http://rsb.info.nih.gov/ij/, 1997-2009).
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2.9. Cell growth assay

Cells were seeded in 96-well plates at 1 x 10> cellsjwell. At 24
and 48 h after plating, the cells were treated using the Cell count-
ing Kit-8 (Dojindo, Kumamoto, Japan), and the absorbance was
examined by Multi Label Reader 2030 ARVO X4 (Perkin Elmer,
Waltham, MA).

2.10. Quantification of tumor vessels and overall survival time

All animal experiments were conducted in accordance with the
Faculty of medicine of Nagoya University. I0-GFP or 10-HIF3a4
cells, 3 x 10° cells/2 pL were stereotactically injected into the brain
of Balb-c nu/nu nude mice (female, 5 weeks of age) under anesthe-
sia using a Hamilton syringe (Hamilton, Reno, NV). The coordina-
tion was 1.4 mm posterior from bregma, 3.0 mm to the right, at a
4.0-mm depth from brain surface. The overall survival was
measured for up to 40 days. Five minutes before the mice were
euthanized, animals were perfused with 0.5 mL of 10 g/L 155 kDa
tetramethylrhodamine isothiocyanate-dextran (tetramethylrhod-
amine) (Sigma-Aldrich). Tumor-bearing brains were rapidly re-
moved and fixed in 4% paraformaldehyde at 4 °C for 24 h. Coronal
sections (100 um thick) were cut on a vibratome, and the samples
were examined by a laser scanning confocal microscope (FV1000-
D; Olympus, Tokyo, Japan). The vessels that were enhanced by
tetramethylrhodamine in the region of interest (ROI) in the tumor
were visible by the presence of green fluorescence from GFP, and
these areas were scanned in a 521 x 521 pixel format in the x-y
direction of the ROI using a x10 frame scan and 16 optical sections
along the Z-axis with a 50-pm step. After collecting the data from
the vessels from 10 ROls, the data were imported as binary and
reconstructed to three-dimensional images. The number of vascu-
lar voxels per total voxels of the ROl was calculated. The processing
was performed using Image J software.

2.11. Positron emission computerized-tomography (PET) imaging

Meningioma 10-GFP or 10-HIF3a4 cells (1 x 10° in 100 uL PBS)
were injected subcutaneously into the left shoulder of Balb-c nu/nu
nude mice (female, 5 weeks of age) under anesthesia. When the tu-
mor size reached about 100 mm?, PET examination was performed
as follows: After 24 h fasting, 20 MBq/200 pL fluorodeoxyglucose
(FDG) was intravenously injected under inhalational anesthesia.
PET imaging was performed 60 min after this treatment, and accu-
mulation of FDG was measured for 30 min. After 48 h FDG-PET
examination, 7.5 MBq/200 pL fluoromisonidazole (FMISO) was
administered to mice. After 90 min of free movement, inhalational
anesthesia was introduced, and the accumulation of FMISO was
measured for 30 min.

2.12. Statistical analysis

Data are expressed as mean + SEM. Comparison of treatments
against controls was made using one-way ANOVA followed by
Fisher's LSD post hoc test using SPSS version 19 (IBM, Chicago,
IL). P values of <0.05 were considered significant. The duration of
overall survival were analyzed in the Kaplan-Meier format using
the log-rank test for statistical significance.

3. Results
3.1. Hypoxia induces the expression of HIF-304

We previously demonstrated that HIF-3a4 was a DNA-methyl-
ated gene useful in predicting the outcome of meningiomas. As
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predicted, the expression of HIF-304 was not detected in untreated
meningioma cell lines. By contrast, IOMM-Lee cell line expressed
similarly high amounts of HIF-1o. under normoxic and hypoxic
conditions (Fig. 1A). A DNA-demethylating agent, 5-aza-2'-deoxy-
cytidine, induced the expression of HIF-3u4 (Fig. 1B), suggesting
that the transcription of HIF-304 is silenced by DNA methylation
under normal conditions.

HIF-304, one of the HIF-3a splicing variants, is similar to mouse
IPAS. It was of great interest to investigate how overexpression of
HIF-304 affects the interaction between HIF-1o and angiogenesis
in hypervascular meningioma. Therefore, we successfully gener-
ated GFP-tagged stable transfectants expressing HIF-304
(Fig. 1C). The finding was also consistent with another geneti-
cally-engineered cell line, HK-HIF304 (data not shown).

3.2. HIF-3%4 binds to HIF-1u

Previous reports showed that HIF-304 forms an abortive
transcriptional complex with HIF-1a and prevents the engagement
of HIF-1 to the HREs located in the promoter/enhancer regions of
hypoxia-inducible genes [4,17,18]. In this study, cell lysate from
IOMM-Lee cells stably expressing GFP-tagged HIF-304 (10-HIF-
304) was immunoprecipitated with anti-GFP antibody and then
subjected to western blotting with anti-HIF-1a antibodies. As
shown in Fig. 1D, western blotting with anti-HIF-1e detected a
band corresponding to 93-kDa HIF-1a in the immunoprecipitated
lysate from [0-HIF-30i4 but not in that from the control 10-GFP
lysate. Consistent with the previous reports, this experiment
demonstrated that HIF-30/4 binds to HIF-1o in meningioma.

Next, we investigated whether HIF-304 enhanced the transcrip-
tion of hypoxia-inducible genes. The transcription of VEGF was
markedly suppressed in 10-HIF-3a4 cells compared to 10-GFP cells
(Fig. 1E).

3.3. HIF-3a4 directly inhibits the proliferation and invasion of
meningioma cells

The HIF family is multifactorial; it regulates angiogenesis,
metabolism, proliferation, and invasion/metastasis [20]. However,
little is known about the function of HIF-3%4 in tumor cells.
Overexpression of HIF-304 significantly retarded cell proliferation
under normoxia and hypoxia (Fig. 2A). In scratch wound healing
assay, healing speed was slower in I0-HIF-30i4 cells than in
[0-GFP (P < 0.05, Fig. 2B), suggesting that HIF-3o4 inhibits prolifer-
ation and invasion in meningioma cells.

3.4. HIF-3a4 reduces neovascularization and glucose metabolism in
meningioma

In order to visualize neovasculature in meningioma growing in
the brain of mice, mice with GFP-tagged meningiomas were in-
jected with tetramethylrhodamine (TMR). TMR-stained hyper-
dense vessels were observed in GFP-expressing tumors (Fig. 3A).
Sequential images along the Z-axis allowed us to create three-
dimensional images (Fig. 3B). The number of vascular voxels per
total voxels of the ROI was calculated in 10-HIF-324 and 10-GFP
meningiomas (Fig. 3C). Vascular density was significantly reduced
in [O-HIF-304 tumors compared to I0-GFP tumors.

FDG, an analog of glucose, was used to generate PET images rep-
resenting glucose metabolic activity in a region of tumor tissue. In
clinical settings, the FDG uptake of the tumor and reference region
(the tumor-to-gray matter ratio; TGR) is relatively high in menin-
gioma, and is correlated with the tumor aggressiveness deter-
mined by the MIB-1 index [11]. While FDG uptake was high in
the control 10-GFP tumors, it was significantly reduced in 10-HIF-
304 tumors (Fig. 3D). FMISO is a nitroimidazole derivative, and
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Fig. 1. (A) HIF-1a is constitutively expressed in IOMM-Lee meningioma cells under under normoxic and hypoxic conditions. (B) A DNA-demethylating agent, 5-aza-
deoxycytidine (5-aza-CdR), induced the expression of HIF-304. (C) IOMM-Lee meningioma cells stably expressing GFP-tagged HIF-304 were generated through cloning and
puromycin selection. (D) Lysates from IOMM-Lee cells stably expressing GFP or HIF-3%4 were immunoprecipitated using anti-HIF-1o. antibody. We detected a band
corresponding to 93-kDa HIF-1 in the immunoprecipitated lysate from 10-HIF-3a4, but not in that from the control 10-GFP. (E) The transcription of VEGF was markedly

suppressed in [0-HIF-3u4 cells compared to 10-GFP cells.
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and hypoxia. (B) In scratch wound healing assay, the healing speed was slower in [0-HIF-3%4 cells than in 10-GFP cells (P < 0.05).

FMISO PET can image tumor hypoxia by increased FMISO tumor

uptake, because FMISO metabolites are trapped exclusively by FMISO uptake and tumor volume.
hypoxic cells [22]. In the control 10-GFP tumors, FMISO uptake

was slightly higher than in the normal region. By contrast, HIF-

34 overexpression markedly decreased FMISO uptake. As we dis- meningiomas
cuss later, although HIF-304 reduced neovascularization (Fig. 3B),

reduction of FMISO

sulted from decreased tumor size, rather than HIF-304-mediated

uptake in 10-HIF-304 tumors may have re- [0-GFP or 10-HIF-304 cells (3 x 10° cells) were inoculated into
the brain of nude mice. The animals with I0-GFP control tumors
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Fig. 3. HIF-304 reduced neovascularization and glucose metabolism in meningioma. (A) Tetramethylrhodamine (TMR)-stained hyper-dense vessels seen in GFP-expressing
tumors. (B) Sequential images along the Z-axis enabled us to create three-dimensional images. (C) The number of vascular voxels per total voxels of the ROl was calculated in
10-HIF-324 and 10-GFP meningiomas. (D) FDG-PET (left) and FMISO-PET (right). While FDG uptake was extensively high in the control I0-GFP tumors, it was significantly
reduced in 10-HIF-304 tumors. In the control I0-GFP tumors, FMISO uptake was slightly higher than the normal region. By contrast, overexpression of HIF-3x4 markedly

decreased FMISO uptake.

died by 25 days after inoculation. However, the survival of mice
with [0-HIF-304 tumors was prolonged significantly. This result
suggests that the induction of HIF-304 was unable to cure mice
with malignant meningiomas, but it did confer a survival advan-
tage (Fig. 3F).

4. Discussion

First, the present study demonstrated that the HIF-1o expressed
at considerable levels even under normoxic condition in IOMM-Lee
meningioma cells. Taking into account that meningioma is one of
the most hypervascular tumors, such levels of HIF-1o expression
may be reasonable. The gene expression of endogenous HIF-304
appeared to be silenced probably due to DNA methylation [15].
Therefore the following experiments were performed under nor-
moxia to assign a focus on the function of transfected HIF-30/4.

Previously, Heikkil et al. indicated that HIF-3a4 directly bound
to HIF-1a to inhibit its transcriptional activity [10]. In the present
study, we confirmed the interaction between GFP tagged HIF-304
and HIF-1o in [0-HIF304 cells by immunoprecipitation assay
(Fig. 1D). Next we addressed the effect of HIF-3a4 on proliferation,
invasion, angiogenesis, glucose-metabolism, and hypoxic state by
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cell growth assay, wound scratch assay, vascular imagings,
FDG-PET, and FMISO-PET, respectively. As the results, all of these
activities were decreased in [0-HIF3a4 cells (Figs. 2 and 3). As
Rankin and Giaccia, and Semenza et al. reported, the expression
of various genes such as VEGF, GLUT-1, EPO, E-CADHERIN and
others, relevant to angiogenesis, metabolism, proliferation and
invasion/metastasis, are regulated by HIF-1a [4,6,7,10,17,20,23].
Also, as mentioned above, I confirmed the interaction between
HIF-1o and HIF-304 and the suppression of VEGF expression in
[0-HIF304 cells. These results together suggest that overexpression
of HIF-304 might inhibit transcription activity of HIF-1o. Since
HIF-1o has many other target genes, their functions should also
be examined in future. To clarify the function of HIF-304, studies
using the knock down system for HIF-304 would also be required.

Energy in the tumor is produced by a high rate of glycolysis fol-
lowed by lactic acid fermentation in the cytosol, rather than by a
low rate of glycolysis followed by oxidation of pyruvate (Warburg
effect), leading to high FDG uptake [24,25]. High FDG/FMISO-up-
take in 10-GFP cells tumor (Fig. 3D and E) might be due to consti-
tutive transcriptional activity of HIF-1¢, leading to high rate tumor
growth and thus high demands for glucose and oxygen. By con-
trast, [0-HIF3a4 cells tumor grew slower than 10-GFP cells tumor,
possibly resulted in lower demand for glucose and oxygen. Thus
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FDG and FMISO uptake in I0-HIF304 cells kept at low levels. It is
very likely that this difference in tumor growth rate caused the dif-
ference in overall survival time in the mouse xenograft model
(Fig. 3F). From these results, the association between the expres-
sion of HIF-304 and vascular density or tumor growth in clinical
meningioma samples should be examined in future.

In conclusion, present study suggested that overexpression of
HIF-3o4 might suppress tumor activities of the meningioma cell
line. Although further studies are required, strategies to express
high levels of HIF-304 could possibly contribute to establish a
new treatment for malignant meningiomas.
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Craniospinal Hemangioblastoma associated with Von Hippel-Lindau
Disease Review

Hideo Nakamura, M.D.", Junichi Kuratsu, M.D.", and Taro Shuuin, M.D.?

1) Department of Neurosurgery, Graduate School of Life Sciences, Kumamoto University, 2) Departement of Urology, Kochi Medi-
cal School

Von Hippel-Lindau (VHL) disease is neoplastic syndrome that affects multiple organ systems. Most patients
with this disease (60-80%) harbor hemangioblastomas and neurosurgeons often treat craniospinal hemangioblas-
tomas in these patients. VHL disease is transmitted across generations in an autosomal dominant manner; its
incidence is 1 in 36,000. The VHL tumor suppressor gene is located on chromosome 3 (3p25) and encodes for the
VHL protein, which complexes with several proteins involved in the ubiquitin-dependent proteolysis of hypoxia-
inducing factor (HIF). The VHL protein appears to have several functionas and its dysregulation leads to angio-
genesis and tumorigenesis. As most patients with VHL disease harbor central nervous system (CNS) hemangio-
blastomas, their management must be optimized to minimize morbidity and mortality. Although patients with
VHL disease harbor not only CNS neoplasm but also cysts and/or neoplasms in other organs, in our study we
reviewed the features of and the management strategies for only cranio—spinal hemangioblastomas in patients

with VHL disease.
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Table 1 Onset age and frequency of Craniospi-
anl hemangioblastoma inVHL disease

P Onsetage  Frequency (%)
Total 33 (9~78)

60~80
Cerebellar 33 (9~78) 44~172
Brain stem 32 (12~46) 10~25
Spine 33 (12~66) 40~50
Supratentorial 34 (unknown) 3~6

from the report by Beitner MM (2011) and Lonser RR (2003)

Average : 30.8 v.o.

61-65 ¢
65-70

6-10
11-15
56-60

©
EY
—{
™

16-20
26-30
36-40
41-45
46-50
51-55

71
unknown ¢

Age(yo)

Fig.1 Age distribution in patients with
hemangioblastoma associated with
VHL disease
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Fig.2 Craniospinal distribution of hemangio-
blastomas in patients with VHL
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Fig. 3 Hemangioblastoma in pituitary
A MRI T1-weighted image of hemangioblastoma associated with a cyst in the pituitary stalk.
B : The tumor is strongly enhanced with gadolinium~-diethylenetriamine penta-acetic acid (Gd-
DTPA).
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Fig. 4 Radxologxcal imagings of hemangxoblastomas

A MRI of hemangmblastoma associated with a cyst locating at cerebellar hemisphere. Mural nodule is

strongly enhanced with Gd-DTPA.

* Angiography of B.

: MRI of hemangioblastoma without cyst. Tumor is strongly enhanced with Gd-DTPA.

F ig. 5 Pathologicél findings of hemangioblastoma
A ! Hematoxylin-Eosin (H~E) staining of hemangioblastoma (> 10) showing a lot of vessels.
B : H-E staining of hemanigoblastoma (X40) showing stromal cells and microcysts.
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Fig. 6 Differential diagnosis between hemangioblastoma and renal carcinoma

A : H-E staining of hemangioblastoma.

B © H-E staining of renal carcinoma.
C : Immunohistochemical staining of inhibin for hemangioblastoma.
D : Immunohistochemical staining of inhibin for renal carcinoma.
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Hemisphere93%
B

Fig. 7 Localization of cerebellar hemagioblastoma
Blot indicates the tumor locating at superficial position of hemisphere,
deep position of hemisphere, and vermis. (Reprinted with permission from
Ref. 7)

Table 2 Sterotactic radiotherapy for craniospinal hemangioblastomas associated with VHL disease

‘Mean = Control rate -

~ Authors  Modality  No.of Pts.  Nooftumors oy o ey 7 (gp) ek
Page et al LINAC 4 11 >15 (0.6~2.5) 100 (15)
(1993) : .

Chang et al LINAC 13 29 36 (0.9~7) 97 (4)
(1998)

Rajaraman et al GK 13 27 2.8 (0.6~6.6) 83 (18)
(2004)

Moss et al LINAC/CK 31 (26)* 92 58 (0.4~13.6) 85 (3yr) (14)
(2009) 82 (5yr)
Asthagiri et al LINAC/GK 20 44 85 (3~17.6) 91 (2yr) (2)
(2010) 51 (15yr)

LINAC: linear accelerator, CK: CyberKnife, GK: gamma-knife
*31 cases were reported, among them 26 of 31 were the patients with VHL disease were 26 cases. )
(from the report by Asthagiri®’)

BIL T3tk 8 1, &ML 34 F4lf, Bl Filfe YA ZRETTCEY, BEGBEREZC, & 51CIAmEpE
VHRERTH o7, L LELL 2 9 FibFEERICE THEDFE MR O MEIERSEBICHFE T2 eREL T
WRIOMEFEA L L~V ETHELTE D, FiRsE w5, HHEOMBEFMEDO FHIC X 2 EREEOEL 7
KT TETYL S, M0 B FHRET & L CIES L %o NM—TF EDEEEN TS, B MEEE g0
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Craniospinal hemangioblastoma diagnosis and treatment flow chart

Craniospinal hemangioblastoma

Symptomatic ?

P

> NO

YES

1. Cerebellar : 2cm < or rapid enlargement of the cyst

/ 2. Spinal : 1cm =< and with perifocal edema or tumor

enlargement
YES
/ 3. Endolymphatic sac tumor
: : v
Operation or stereotactic RT NO
~ v
Meet the VHL criteria ?
YES e NO
v y
Residual tumor exists or not ? Residual tumor exists or not ?
v v v v
YES NO YES NO
¥ N ~
Whole body screening Whole body MRI Observation

Craniospinal MRI 1 time/year

screening

1 time/year

Fig.8 Flow chart of the diagnosis and therapeutic dicision (Reprinted with permission from Ref.

21)
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Von Hippel-Lindau (VHL) RIFFRHZERICOBFENIRET I THEL, 2SR CERVES
DRHSNDEITHD, HRFHETEETA CRERAREDNEDSRNRNVTELRR CE5. BR
EEREBEEEGOELEED, BEEHEFIE 100%THS VHL FHiF 3 BREF LOESIHIEERT T
$2 VHL BEFOEEHERTEC D EWD T EH 1993 FILHESI N, TNLEER, VHL BIREFIC
TEERRENZD I V(O EOE T EMEREN RSN, BBAERNEEES U TR, hypoxia induci-
ble factor (HIF)-1a DEIHTH D, FEBEFCSLTKRELEZ I HF-1a B EFF /LER
THD VHL F VNI BEEL, WO DYV NIEEHBULTHRT . HF-1aBEERFTH
b vascular endothelial growth factor (VEGF) BEDHIREF LT DeoHC, VHL /IO DREEER
EHRECDE, MBEFESHHCSNECHEITENNEFEOREECHIDDIEEZSNTVS.
VHL BEEIOEERCHERCESHERSNDEHIC, ZOBE, AEICBVLTHRIEBALTHE
SHELHD. FORBOBERPIASVIEEERTZIXTASHORICIIDKSIC, VHLIKIC
SR RNEFECBIIBEORRELE1—T3.
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